Abbreviations
=============

BLI

:   biolayer interferometry

ECD

:   extracellular domain

GEM

:   gel encapsulated microenvironment

GIP

:   glucose dependent insulinotropic peptide

GIP

:   glucose dependent insulinotropic peptide receptor

mAb

:   monoclonal antibody

PK

:   protein kinase

Introduction {#s0001}
============

Glucose-dependent insulinotropic polypeptide, also named gastric inhibitory polypeptide (or GIP), has long been known as one of the incretins stimulating insulin secretion in response to food intake.[@cit0001] However, in the context of diabetes the insulinotropic action of GIP is markedly diminished.[@cit0003] In contrast, the effects of GIP on fat deposition and lipid metabolism in adipose tissue are not impaired, thus promoting the development of insulin resistance and obesity. Furthermore, GIP stimulates the secretion of glucagon, which might contribute to the lack of postprandial glucagon suppression and hyperglycemia seen in patients with type 2 diabetes.[@cit0004]

GIP, a 42-amino acid peptide, is released into circulation from K cells in the duodenum and small intestine upon nutrient ingestion. GIP exerts activity via its receptor, GIPR. GIPR is expressed primarily in the pancreas, adipose tissue, stomach, small intestine, bone and central nervous system.[@cit0002] The GIP receptor is a member of the class B (Secretin) family of G protein-coupled receptors (GPCRs) and activation results in the stimulation of adenylyl cyclase and Ca(2+)-independent phospholipase A(2) and activation of protein kinase (PK) A and PKB. GIPR is coupled to Gα~S~, and activation of the receptor leads to an increase of the second messenger cAMP. GIPR is characterized by a large extracellular loop (extracellular domain - ECD) that serves as the site of specific interaction with its ligand, binding with low affinity (µM range). The ECD confers the selectivity of the receptor to its ligand, and upon binding a conformational change leads to receptor activation with potency in the pM range.[@cit0009]

Various groups have shown that GIPR antagonism has a beneficiary impact on disease phenotype in rodent models. Under a high fat diet, GIPR knockout mice show an increased insulin-sensitivity, a resistance against diet-induced obesity, suppression of liver steatosis, and reduced plasma cholesterol and triglyceride levels.[@cit0012] Similar effects are seen with a variety of antagonistic peptides,[@cit0014] and recently with antagonistic antibodies raised in a phage display campaign.[@cit0017]

GPCRs, however, are difficult targets for antibody campaigns. Often, GPCRs occur in low density on the cell surface and are very unstable when purified from the cellular membrane, presenting a challenge in obtaining sufficient amounts of immunogen in which native epitopes are maintained for antibody recognition. Furthermore, a particular therapeutic concept may require an antibody that does not just bind the GPCR but acts as an agonist or antagonist, which may necessitate the recognition of particular, potentially ligand-sensitive, epitopes. These additional requirements may further reduce the effective hit rate in antibody generation campaigns.[@cit0018]

In addition to the challenges of preparing native GCPR protein for use as an immunogen, the receptor structure itself offers relatively few antigenic determinants at the cell surface that are potentially available for antibody binding. This paucity, when combined with the further restriction imposed by immunological tolerance, can lead to very poor immunogenicity for sequence-conserved GPCR targets. Human and murine GIPR have 81% identity at the protein level, and indeed our previous antibody campaigns using mice and rats as hosts resulted in a very small panel of functional antibody clones with limited epitope coverage. For the campaign described here, we selected chicken as an alternative host to generate a more diverse panel of antibodies. The rationale for using chicken is based upon the greater evolutionary distance between humans and chickens compared with humans and other mammals such as mice. This evolutionary distance allows chickens to produce a more vigorous and diverse immune response when challenged with human proteins.[@cit0019] In the specific case of GIPR, the chicken and human orthologs have only 37% sequence identity (based upon an incomplete chicken sequence). Another major advantage of chicken immunization is the generation of antibodies that recognize "pan-mammalian" epitopes; such antibodies are difficult or impossible to generate in mammalian hosts. An additional advantage of chicken antibodies comes with the broad species cross-reactivity, obviating the need to generate surrogate antibodies for the purpose of experimentation in various disease models.

Here, we used chicken immunization to obtain antagonistic antibodies against GIPR and compared those to antibodies previously raised in mice and rats. Our data show that for GIPR, chickens were the superior host, resulting in a larger number of antibodies, a higher frequency of functional antagonists and antibodies covering a broader epitope space.

Results {#s0002}
=======

Enriching for species cross-reactive clones with immunization and screening strategies {#s0002-0001}
--------------------------------------------------------------------------------------

Initially gel encapsulated microenvironment (GEM) screens were performed with lymphocytes from chicken 11272 (hGIPR-Fc immunization) using cellular reporters, parental Chinese hamster ovary (CHO) cells dyed blue with vital dye and CHO cells stably expressing mGIPR. This cellular reporter GEM screen yielded a high frequency of species cross-reactive clones (38% cross-reactive). Secondly, lymphocytes from chicken 11272 were used in GEM screens with reporter beads featuring hGIPR-Fc and hFc were coated onto white or blue beads, respectively. The reporter bead GEM screen was not as efficient as the cellular screen in obtaining species cross-reactive clones (4.8% cross-reactive). Therefore, going forward cellular reporters were used when GEM screens were set up for the remaining chicken lymphocytes. Some immunization protocols included mGIPR DNA in addition to hGIPR-Fc protein, with the goal of steering the response toward a more cross-reactive repertoire; the results were not extremely dramatic, but these immunizations did deliver a higher percentage of cross-reactive clones. Immunizations using only DNA resulted in low titer and yielded significantly fewer antibody clones overall.

Large and diverse antibody panels generated to GIPR {#s0002-0002}
---------------------------------------------------

A total of 694 clones were generated from the chicken immunization. Of those, 462 were unique sequences. 206 were cross-reactive with human, cynomolgus, murine or rat GPCR and were moved along the screening cascade to EC50 determinations. 125 clones had an EC50 on human GPCR-expressing CHO cells that were within 4-fold of the control antibody. A total of 172 unique clones were advanced to further study.

Immunizing chickens with GIPR yields more antagonistic antibodies than classic hybridoma technology using mouse and rat as host species {#s0002-0003}
---------------------------------------------------------------------------------------------------------------------------------------

The chicken immunization campaign yielded a total of 172 antibodies with unique sequences that were screened for functional activity, i.e., their ability to antagonize GIPR in a cAMP assay *in vitro*. In comparison, classic mouse and rat immunizations in conjunction with hybridoma technology, resulted in just 87 hybridoma supernatant samples whose activity could be assessed ([Fig. 1A](#f0001){ref-type="fig"}, [Table 3](#t0003){ref-type="table"}). Notably, before obtaining those 87 hybridoma supernatants, multiple rodent immunization campaigns, which used a combination of GIPR cDNA, GIPR-Fc fusion protein and cell lines overexpressing GIPR as antigen and used both GIPR^+/+^ and GIPR^−/−^ host strains, failed entirely at producing antagonistic anti-GIPR antibodies (data not shown). Figure 1.Anti-GIPR antibodies raised in chicken vs. mouse and rat hybridoma antibodies. (A) illustrates the number and functional activity (antagonism as measured in GIPR specific cAMP assay) of anti-GIPR antibodies raised in chicken vs. previous campaigns using classic mouse and rat hybridoma technology. In (B), the chicken antibodies are broken down into those containing cysteines in the CDR3 of the heavy chain (Cys) and those without (no Cys) while also giving the fraction of antagonistic vs. not antagonistic antibodies in each population.

Among the chicken-derived antibodies, 129 (75%) were tested to be antagonistic in a human-GIPR specific assay, whereas 90 (52%) showed additional murine cross-reactivity by also exhibiting antagonistic behavior in a mouse-GIPR specific assay. For the population of hybridoma antibodies raised in mouse and rat, this fraction was only 31% (27) and 13% (11), respectively. During the antibody generation process, each chicken antibody was sequenced and only unique sequences were taken forward.

One feature of chicken antibodies is the presence of non-canonical cysteine residues in the complementarity-determining region (CDR)3 of the heavy chain. These cysteine residues can potentially form intra-chain disulfide bonds, and are particularly likely to occur in long CDR3s, where they are thought to play a role in stabilizing the secondary structure of the CDR3 loop.[@cit0020] Among the population of GIPR antibodies tested in this work, 101 (59%) contained cysteines in the HC-CDR3 ([Fig. 1B](#f0001){ref-type="fig"}). The presence of cysteines, however, had no apparent effect on the likelihood of an antibody exhibiting antagonistic behavior in the GIPR cAMP assay. 71 (70%) and 58 (82%) of the antibodies possessed antagonistic activity among the cysteine-containing and cysteine-free antibody populations, respectively.

The antibodies used in this work were derived from 5 chickens ([Table 1](#t0001){ref-type="table"}). The likelihood of antibody antagonism and the fraction of antibodies containing HC-CDR3 cysteines varied considerably by the host chicken, suggesting multiple chickens should be used in each immunization to obtain the best possible antibody diversity. Table 1.Numerical representation of chicken-derived anti-GIPR antibodies.Chicken IDTotal No. of Abs Cys (%) / no Cys (%)Antagonistic (%) Cys (%)Not antagonistic (%) Cys (%)Cross-reactive mouse antagonistic (%)112703627 (75%)9 (25%)24 (67%)27 (75%) / 9 (25%)18 (67%)9 (100%)112714844 (92%)4 (8%)35 (73%)26 (54%) / 22 (46%)23 (52%)3 (75%)112725941 (69%)18 (31%)17 (29%)37 (63%) / 22 (27%)26 (63%)11 (61%)1131211 (100%)0 (0%)0 (0%)1 (100%) / 0 (0%)1 (100%)0 (0%)113182818 (64%)10 (36%)14 (50%)10 (36%) / 18 (64%)5 (28%)5 (50%)

Chicken antibodies reveal a wide range of affinities to human and murine GIPR {#s0002-0004}
-----------------------------------------------------------------------------

The K~D~ values of GIPR antibodies against human, mouse and rat recombinant antigen (using immobilized extracellular domain protein, see Material & Methods) were determined by surface plasmon resonance (SPR; [Fig. 2](#f0002){ref-type="fig"}, Figs. S2 and 3). Affinities against all species antigens were spread over several orders of magnitude ([Fig. 2A](#f0002){ref-type="fig"}). The chicken-derived antibodies ([Fig. 2A, left panel](#f0002){ref-type="fig"}) showed significantly higher affinities, i.e., lower K~D~ values, for human (median 0.7 nM; range 0.009 nM -- 212 nM) than for either mouse (median 8.1 nM; range 0.3 nM -- 1043 nM) or rat (median 6.7 nM; range 0.2 nM -- 3110 nM) antigens. The same trend was present for the mouse and rat hybridoma antibodies ([Fig. 2B](#f0002){ref-type="fig"}, right panel), which were assessed against human (median 0.3 nM; range 0.02 nM -- 3.0 nM) and mouse (median 0.9 nM; range 0.3 nM -- 5.2 nM) GIPR antigen. Notably, the antibodies raised from the rodent versus the chicken campaigns differ in their Fc (mouse or rat for rodent, human for chicken) and were thus captured on separate CM5 chips for SPR analysis (see Material & Methods). Figure 2.Affinity data measured by surface plasmon resonance for anti-GIPR antibodies. (A) summarizes the SPR-derived K~D~ values for anti-GIPR antibodies. The left side shows chicken-derived antibody affinities against human, mouse and rat-GIP receptor extracellular domain (ECD), whereas the right side provides human and mouse GIP receptor ECD affinities for the legacy mouse and rat hybridoma campaigns for comparison. All affinities are shown, irrespective of whether an antibody is antagonistic or not. (B) breaks down the K~D~ values by the antagonistic activity of the chicken-derived antibodies in human or mouse receptor G specific functional cAMP assays. In (C), antibody K~D~ values are grouped by the host chicken, whereas (D) lists chicken-derived antibody affinities based on whether or not they contain a cysteine in the heavy chain CDR3 (left side), as well as by functional activity against human and mouse GIPR and cysteine content (right side). The red lines indicate the population medians. P-values were calculated using Kruskal-Wallis and Mann-Whitney tests. ns - not significant; \* p\<0.05; \*\* p\<0.01; \*\*\* p\<0.001; \*\*\*\* p\<0.0001.

Among the chicken antibody population, antigen affinity was not correlated with functional antagonistic activity in either the human or mouse-GIPR cAMP assay ([Fig. 2B](#f0002){ref-type="fig"}). The individual host chicken, however, had a strong impact ([Fig. 2C](#f0002){ref-type="fig"}). Animal 11270 produced antibodies with the lowest K~D~ values against human GIPR antigen (median 0.2 nM; range 0.009 nM -- 2.3 nM), whereas animal 11318 yielded antibodies with the highest K~D~ (median 0.9 nM; range 11.1 nM -- 212 nM). Antibody populations obtained from animals 11271 (median 1.0 nM; range 0.03 nM -- 6.4 nM) and 11272 (median 0.4 nM; range 0.02 nM -- 51.2 nM) occupied an intermediate position in affinity and were comparable to each other.

Against the human GIPR antigen, the cysteine containing antibodies displayed a lower median K~D~ (0.3 nM) than the cysteine-free group (1.2 nM) ([Fig. 2D, left panel](#f0002){ref-type="fig"}). However, the antibodies with the lowest overall K~D~ were found in the cysteine-free group, which exhibited a wider spread of measured KDs (range: 0.009 nM -- 212 nM) than the cysteine-containing population (range: 0.03 nM -- 51.2 nM). When additionally grouping the chicken-derived antibodies by their activity profile ([Fig. 2D, right panel](#f0002){ref-type="fig"}), the median K~D~ of the cysteine containing population was only lower in the antagonistic group, whereas no difference was observed for cysteine-containing vs. cysteine-free antibodies that fail to antagonize GIPR.

The IC50 of the functional antagonistic GIPR cAMP assay is not determined by the presence of cysteines and shows weak correlation to the affinity {#s0002-0005}
-------------------------------------------------------------------------------------------------------------------------------------------------

The functional activity of chicken-derived anti-GIPR antibodies was assessed using an αScreen based cAMP *in vitro* assay ([Fig. 3](#f0003){ref-type="fig"}). Briefly, GIPR-expressing cells are stimulated with the endogenous ligand GIP and the resulting cAMP production is quantified. Antagonistic antibodies are characterized by their ability to block the generation of cAMP (for exemplary data, see Fig. S3). The IC50 \[nM\] of antagonistic antibodies was not affected by the presence (median 10.0 nM; range 0.75 nM -- 211.3 nM) or absence (median 9.4 nM; range 1.3 nM -- 389.6 nM) of cysteines in the HC-CDR3 ([Fig. 3A](#f0003){ref-type="fig"}). The host chicken had some effect on the observed strength of functional antagonism ([Fig. 3B](#f0003){ref-type="fig"}), but the differences are only statistically significant for chicken 11271 (median 6.5 nM) vs. 11318 (median 30.8 nM), and not for other comparisons (medians: 11270: 10.0 nM; 11272: 12.7 nM). There was only a weak correlation between the affinity (K~D~) and activity (IC50) in the cAMP assay ([Fig. 3C](#f0003){ref-type="fig"}, correlation coefficient = 0.3105). The median off-rate parameter (k~d~) among the antagonistic antibodies was significantly lower (2.36E-4 s^−1^) than among the non-antagonistic fraction (5.53E-4 s^−1^, [Fig. 3D](#f0003){ref-type="fig"}), indicating that longer receptor occupancy of the antibody may benefit antagonism. Figure 3.Functional activity of chicken-derived anti-GIPR antibodies in cAMP assay. IC50 values for the chicken-derived Abs were determined using an αscreen cAMP assay. (A) illustrates obtained values for functional antibodies broken down by cysteine content, whereas (B) illustrates antibodies raised in different chicken. (C) shows a correlation plot of the K~D~ values vs. the IC50. In (D), the SPR off-rate constants (k~d~) are compared between antagonistic and not antagonistic chicken-derived antibodies. The red lines indicate the population medians. P-values were calculated using Kruskal-Wallis and Mann-Whitney tests. ns - not significant; \* p\<0.05; \*\*\* p\<0.001.

Chicken-derived anti-GIPR antibodies with long heavy chains CDR3 are more likely to contain cysteines and have higher affinities than those with shorter CDR3s {#s0002-0006}
--------------------------------------------------------------------------------------------------------------------------------------------------------------

The length of heavy chain CDR3 sequences in our anti-GIPR chicken antibody cohort ranged from 10 to 31 ([Fig. 4A](#f0004){ref-type="fig"}). As described previously by Wu et al,[@cit0020] our cysteine-containing antibodies had significantly (p = 0.0016) longer CDR3s (median 19, range 13 -- 31) than the cysteine-free antibodies (median 17, range 10 -- 24). When binning all antibodies into a short (less than 19 amino acids) and a long (equal to or more than 19 amino acids) heavy chain CDR3 group ([Fig. 4B](#f0004){ref-type="fig"}), the median affinity to the human GIPR-ECD was lower in the long group (0.27 nM vs 1.04 nM, p = 0.0020). Notably, this distinction was not maintained when looking at the IC50 as a measure of antagonism ([Fig. 4C](#f0004){ref-type="fig"}), Figure 4.HC-CDR3 length of anti-GIPR chicken antibodies and effect on affinity and function. The histogram (A) lists the HC-CDR3 length distribution of cysteine-containing (black bars) vs. cysteine-free (gray bars) chicken-derived anti-GIPR antibodies. (B and C) list the affinities (K~D~) and antagonistic activities (IC50) among antibodies with short (\< 19 amino acids) vs. long (≥ 19 amino acids) CDR3 sequences, respectively. The red lines indicate the population median. P-values were calculated using the Mann-Whitney test. ns - not significant; \*\* p\<0.01.

Biolayer interferometry clustering reveals a larger epitope diversity among the chicken-derived antibodies than antibodies from other sources {#s0002-0007}
---------------------------------------------------------------------------------------------------------------------------------------------

Biolayer interferometry-based clustering using the Fortebio Octet HTX platform was used to assess the epitope diversity of 40 chicken-derived antibodies, as well as 4 rodent-raised antibodies and one phage display-derived antibody (Gipg013) described previously in the literature [@cit0017] ([Figs. 5](#f0005 f0006){ref-type="fig"}and [6](#f0005 f0006){ref-type="fig"}, Fig. S5, [Table 4](#t0004){ref-type="table"}). Briefly, biotinylated human-GIPR ECD was immobilized on streptavidin biosensors and saturated by binding all anti-GIPR antibodies in a first step. In a second step, all antibodies are tested for their ability to bind the GIPR-antibody1 complex. Additional binding indicates the recognition of a distinct epitope. The clustering result, shown as a 2-dimensional matrix (analysis based on method adapted from Liao-Chan et al [@cit0021]) is represented in [Fig. 5](#f0005){ref-type="fig"}. The primary antibodies are shown in columns, the secondary antibodies in rows. Rows are sorted according to their Pearson correlation coefficient so that similar antibodies are located next to each other. The column sorting was adapted to match the row sorting, and thus all self-blocking antibody combinations are located on the diagonal (highlighted in red). The color gradient from blue (0) to white (100) was applied to highlight blocking or additional binding. Figure 5.Biolayer interferometry-derived epitope clustering for anti-GIPR antibodies. A 2-dimensional matrix of the normalized biolayer interferometry assay data used for epitope clustering is shown. 45 anti-GIPR antibodies were assessed, 40 derived from chicken, 5 from other sources (rodent and phage display). The secondary antibodies are shown as rows, the primary antibodies as columns. Rows were sorted by their Pearson correlation coefficient (penultimate column on the right). Following Pearson row sorting, the columns were sorted to match the rows - hence the self-blocking value for each antibody is found on the diagonal (values marked in red). In addition, the Pearson correlation coefficient for the columns is shown in the bottom row. A color gradient from blue (0) to white (100) was applied to the data to highlight cross-blocking or competition. The last-most column indicates the epitope cluster an antibody was assigned based on the dendrogram shown in [Fig. 6](#f0006){ref-type="fig"}. Figure 6.Dendrogram of BLI epitope clustering data. The dendrogram representing clustering of the secondary antibodies was generated in pvclust (see Materials and Methods). The axis on the left (Height) serves as a measure for antibody dissimilarity. Using a height cut-off of 10, 5 antibody clusters (A, B, C, D, R - red dashed boxes emerge). The AU value (%) represents the approximate unbiased p-value computed by pvclust using multiscale bootstrap resampling, whereas the BP value (%) indicates the bootstrap probability. Clusters with high AU values are strongly supported by the data. \* denominates non-antagonistic antibodies.

The unsorted matrix was analyzed using pvclust in R.[@cit0022] Pvclust provides hierarchical clustering of the BLI data (secondary antibodies only,[Fig. 6](#f0006){ref-type="fig"}). The 'Height' axis provides a measurement for antibody similarity. Using a cut-off of '10', 5 different epitope clusters emerge: A, B, C, D and R. The AU value (%) represents the approximate unbiased p-value computed by pvclust using multiscale bootstrap resampling. Clusters with high AU values are strongly supported by the data. Notably, all 4 rodent-derived antibodies (Rodent_1 -- 4) and the phage display antibody Gipg013 cross-compete for binding to the GIPR-ECD and thus fall in the same cluster (R). Hence, they recognize either the same epitope or their epitopes are overlapping in a manner that prevents parallel binding. One chicken-derived antibody (11270p10.B7) can also be found in that cluster. The emergence of the additional clusters (A-D) reveals that there are likely additional epitopes on the GIPR-ECD that could only be accessed via chicken immunization. Notably, the epitope clustering matrix ([Fig. 5](#f0005){ref-type="fig"}) is not fully symmetric. For example, for chicken-derived Abs 34 (11271p1.D1) and 14 (11270p3.C8) cross-blocking depends on the order in which the antibodies are used. When number 34 is used as the primary and 14 as the secondary antibody, additional binding is observed (normalized binding signal 128). When using 14 first and 34 second, however, cross-blocking (binding signal 25) occurs. These discrepancies may occur when the primary antibody is able to induce conformational changes in the antigen that either enables or blocks binding by a secondary antibody. Elucidating the structural basis for this antibody-GIPR binding behavior will require further research.

Among the chicken-derived antibodies, the epitope cluster is closely correlated with the heavy chain CDR3 sequence and function {#s0002-0008}
-------------------------------------------------------------------------------------------------------------------------------

To validate our BLI-based epitope clustering approach ([Figs. 5](#f0005 f0006){ref-type="fig"}and [6](#f0005 f0006){ref-type="fig"}), we also analyzed the VH sequences of the 40 chicken-derived antibodies using ClustalW alignment [@cit0024] and MegAlign (DNAStar) for phylogenetic tree construction ([Fig. 7](#f0007){ref-type="fig"}). It became apparent that antibodies that fell into the same BLI-derived epitope cluster are characterized by similar HC-CDR3 sequences. Antibodies with identical HC-CDR3 (denoted as twins) always belong to the same epitope cluster. Notably, each epitope cluster contained both cysteine-containing and cysteine-free antibodies, suggesting that epitope diversity among chicken-derived antibodies is independent of the HC-CDR3 cysteines. Figure 7.Phylogenetic tree of 40 chicken-derived anti-receptor G antibodies and cluster assignment. The phylogenetic tree (left panel) for the 40 chicken-derived anti-receptor G antibodies used for epitope clustering ([Figs. 6 and 7](#f0006 f0007){ref-type="fig"}) was generated in MegAlign using ClustalW alignment of all full length VH sequences. Bootstrap percentage values are shown on each node. The table (right panel) lists antibody IDs, presence of cysteines, antagonistic activity as well as length and amino acid sequence of the HC-CDR3. The symbols in the penultimate column indicate antibodies with identical HC-CDR3s. The last column lists the BLI epitope cluster assignment derived from the dendrogram shown in [Fig. 6](#f0006){ref-type="fig"}.

Due to our focus on functionally antagonistic anti-GIPR antibodies, only 4 out of the 40 tested chicken antibodies in the epitope clustering analysis were from the non-antagonistic population. However, all of them fell within the same cluster (cluster A), highlighting a correlation between the epitope and anti-GIPR antibody function.

Discussion {#s0003}
==========

GPCRs, owing to their instability outside of the membrane\'s lipid bilayer and typically small extracellular domains that can serve as antigens, are considered to be difficult targets for generating antibody therapeutics. We have successfully used chicken immunization to generate a highly diverse set of functional (antagonistic) antibodies against GIPR that cover a broad epitope space. The chicken hosts proved vastly superior in comparison to previously run classic rodent hybridoma campaigns from which we obtained a very small number of antagonistic antibodies.

Chickens readily produce antibodies that are cross reactive to mammalian orthologs. In the case of GIPR, chickens that were immunized and screened (in GEMs) [@cit0025] exclusively using human GIPR did indeed generate antibodies that were cross-reactive with murine GIPR, albeit at a relatively low frequency (∼5%), which can be considered a "baseline" cross-reactivity rate for this particular target. Protocol adjustments were made that included immunizing with murine GIPR (DNA) as well as screening in GEMs with mGIPR-expressing cells, which combined to significantly enhance the hit rate for human/murine cross-reactive mAbs. It should be noted that, while DNA immunization appeared to be useful in "pushing" the response toward species cross-reactivity, the 2 birds that were immunized exclusively with DNA until the final boost (chickens 11312 and 11318) did not achieve a final titer that was comparable to the other birds that received some protein boosts, and the antibodies recovered were of overall lower affinities. The alternating DNA/protein immunization strategy, however, was quite effective in producing a diverse panel of cross-reactive antibodies.

Mouse/human cross-reactive antibodies are not generally recovered from mice because they represent self-reactive specificities that are typically eliminated from the host animal, so it is somewhat surprising that the few murine- and rat-derived GIPR antibodies that were obtained did in fact cross-react to mGIPR. However, according to our epitope clustering investigations, all rodent-derived antibodies are located within the same cluster (cluster "R"). One chicken-derived antibody was also found in this group. No rodent clones were identified to any of the other 4 non-overlapping epitope clusters that were defined by the panel of chicken antibodies. Many of the antibodies in each of these epitope clusters cross-react with GIPR from all 4 species tested (mouse, rat, cynomolgus, human), and thus can be considered to define "pan-mammalian" epitopes. The absence of such specificities in the rodent panels is likely attributable to the influence of self-tolerance in the host animals. The strong sequence conservation among the rodent and human GIPR-ECD is a challenge in raising diverse sets of antibodies because the human antigen does not elicit a very strong immune response in either mouse or rat, and this limits the epitope space that can be covered by rodent immunization. Chicken immunization, on the other hand, has clearly enabled the generation of antibodies with much larger epitope diversity, which is likely driven by the very low sequence homology of the chicken GIPR ortholog. In general, chicken orthologs have 2--3x more amino acid substitutions than murine orthologs when compared with a given human protein sequence. In some cases, the chicken ortholog is so divergent that it cannot be positively identified, resulting in the chicken being effectively a "knockout" for the gene in question. The ability of chicken immunization to expand the epitope repertoire for other antigens has also recently been described by Abdiche et al.[@cit0019]

It is not clear why such a high frequency of antagonistic antibodies were obtained through the chicken immunization performed in this study, since no special selection was used to enrich for biologic activity. The cell-based GEM screen did bias toward antibodies that recognize native conformation GIPR and were also species cross-reactive, but a bioassay for activity was not used in the GEMs. All cAMP assays were performed after the mAbs were recovered. In the case of GIPR, it may have been serendipitous that the selection strategy we used resulted in a mAb panel that was weighted toward receptor antagonism. While this may not be the case with a different receptor where epitopes associated with antagonism are more rare, it is reasonable to assume that the expanded epitope coverage that is generated through chicken immunization will be generally beneficial in the pursuit of biologically active antibodies to a variety of human targets.

Additional cysteines and disulfide bonds, a particular feature of chicken-derived antibodies used to stabilize long heavy chain CDR3 loops,[@cit0020] may be considered liabilities for biopharmaceutical development. The immunogenic potential of these structures in humans is unknown at present, and as such may pose a challenge for humanization, although examples of humanizing these types of antibodies have been recently published.[@cit0026] Replacing the cysteines via mutagenesis may have an unpredictable effect on the antibodies\' affinity, binding mode or may even disrupt antigen recognition altogether. Further, additional cysteines can result in non-classical disulfide bond formation or result in increased proportions of free sulfhydryl groups, which may cause the emergence of difficult to control antibody subpopulations during manufacturing, hamper formulation development or promote antibody aggregation.[@cit0028] However, we have no direct evidence of our non-canonical cysteine-containing clones being problematic in terms of either expression or aggregation when prepared at research scale; we have not evaluated stability differences between Cys and non-Cys clones. Certainly many camelid VHH antibodies that are being developed for therapeutic use contain non-canonical cysteine residues that presumably are necessary for both activity and stability.[@cit0032]

Whether the development risk of such clones is real or perceived, the avoidance of antibodies with these potential liabilities may be important to allow a smooth drug development process given the current state of knowledge. For our GIPR program, this goal was straightforward to achieve. While the majority (60%) of our anti-GIPR antibodies contained cysteines in the heavy chain CDR3, we found comparable fractions of antagonism among both cysteine-containing and cysteine-free antibodies. The median KDs for the cysteine-containing antibodies was lower than for the cysteine-free population, as was the case for antibodies with heavy chain CDR3s containing 19 or more amino acids, which indicates that longer CDR3 loops enable optimal binding to the GIPR-ECD. Nevertheless, the overall lowest K~D~ values were found among antibodies in the cysteine-free fraction and the presence of cysteines had no discernible effect on the observed IC50 in the functional GIPR cAMP assay. Additionally, each identified epitope cluster contained at least one cysteine-free antibody, suggesting that the presence of longer CDR3s and disulfide-bonds is not an absolute necessity to obtain epitope diversity in chicken-derived antibodies. We conclude that screening a sufficiently high number of antibodies raised in chicken enables the selection of cysteine-free antibodies with desired functional profiles if this feature is desirable for a particular antibody development project. Furthermore, recent advances in the development of a genetically engineered chicken that produces human sequence antibodies may provide a viable alternative to take advantage of chicken host immune recognition without introducing potential sequence liabilities.[@cit0034]

Our epitope clustering experiments revealed several interesting points. Cluster assignment obtained from the biolayer interferometry studies was well supported by the antibody sequence data, in particular the heavy chain CDR3 sequence. Our finding that chicken-derived antibodies containing similar or identical heavy chain CDR3 sequences fall in the same BLI clusters, and therefore recognize the same epitope, underlines that this part of the antibody structure, which possesses the highest sequence diversity, serves as the key determinant for specificity and selectivity.[@cit0037] Notably, we also saw a relationship between functional antagonism and epitope cluster. The 4 non-antagonistic antibodies clustered together, revealing that there are specific functional (allowing antibody-mediated antagonism when bound) and non-functional epitopes on the GIPR-ECD. However, 2 functional, i.e., antagonistic, antibodies, also fell within this cluster. Both share a unique HC-CDR3 sequence distinct from the non-functional antibodies in the cluster. This suggests that the detailed structure of the antibody paratope, i.e., the overall combined architecture of CDRs and frameworks, has an effect on antagonistic functionality when bound to a particular epitope of the GIPR-ECD. Detailed investigations into the antibody-receptor protein-protein interactions will be required to elucidate the underlying principles of this behavior.

Finally, the epitope clustering results appeared to be asymmetric for several antibodies, meaning that whether or not an antibody pair competes for the binding of the GIPR-ECD is dependent on which antibody was used first. Such asymmetries in epitope binning analyses have been reported in several studies in the literature, across different types of epitope mapping methodologies.[@cit0021] Liao Chan et al [@cit0021] have attributed these observations to the possibility that the first epitope-paratope interaction blocks the second one due to steric, allosteric or electrostatic effects. It is conceivable that an antibody binding the GIPR-ECD induces conformational changes, in the same manner that the endogenous ligand GIP rearranges the secondary structure of the ECD upon binding the receptor.[@cit0009] Such a subtle structural change may either enable or prevent the binding of a second antibody and help explain the observed clustering asymmetry.

In conclusion, we recommend considering chickens as alternative hosts in antibody generation campaigns, particularly when aiming to access difficult antigenic targets, such as GPCRs, where high levels of rodent-human sequence conservation may limit the antibody yield from classic mouse or rat hybridoma approaches. In our specific case, which aimed at raising functionally antagonist antibodies against the human GIP receptor, chicken immunization resulted in a much larger number of antibodies overall, a higher fraction of antagonistic antibodies and greater epitope diversity than rodent hybridoma technology.

Materials and methods {#s0004}
=====================

Antigen generation {#s0004-0001}
------------------

Two types of GIPR-ECD fusion proteins were produced for use in this study. Human, mouse and rat-GIPR-ECD rabbit (rb) Fc fusion proteins were generated for biophysical assays, and human GIPR-ECD human Fc fusion protein (hGIPR-Fc) was used for immunization purposes. In both cases, expression vectors based on pTT5 were constructed with sequences coding for the receptor extracellular domains fused to sequences for the Fc domains. Proteins were produced by transient expression in HEK293-E6 cells and purified by standard Protein A chromatography. In addition, the rb-Fc fusion proteins contained a thrombin cleavage site between the ECD and Fc to facilitate removal of the Fc domain. Sequences are shown in Supplement 1.

Chicken immunization {#s0004-0002}
--------------------

A total of 5 female white leghorn chickens were used for the program, all starting immunization at 8--9 weeks of age. Animals were immunized with hGIPR-Fc as purified protein, or full-length mouse or human GIPR cDNA, or with an alternating regimen of both DNA and protein ([Table 2](#t0002){ref-type="table"}). Two animals were immunized with DNA and followed with a final boost either of CHO cells expressing human GIPR (chicken 11312), or hGIPR-Fc (chicken 11318). For the remaining animals, initial boosts with 200 µg protein were mixed with an equal volume of Imject Freund\'s complete adjuvant (VWR, PI77140) and administered intramuscularly. All subsequent boosts with 100 µg protein were mixed with an equal volume of Imject Freund\'s incomplete adjuvant (VWR, PI77145) and administered intramuscularly. DNA immunizations were performed in accordance with the Bio-Rad GeneGun protocol (Bio-Rad; Hercules, CA, USA). Briefly, gold particles were coated with 4 µg plasmid DNA encoding a CMV-based expression cassette containing either full-length human GIPR, or full length murine GIPR, and administered intradermally using the GeneGun at 400 PSI. Table 2.Chicken immunization regimes.Chicken IDhGIPR-Fc proteinPlasmid DNACellsFinal titer (to hGIPR-Fc)11270Boosts 1--5, 9Boosts 6--8 (mGIPR) 1:1.5e611271Boosts 1--5,7,9Boosts 6, 8 (mGIPR) 1:1.5e611272Boosts 1--5  1:1.5e611312 Boosts 1--4, 6, 8 (hGIPR) Boosts 5, 7, 9--10 (mGIPR)Boost 11 hGIPR CHO cells (3e7)1:12,50011318Boost 12Boosts 1--4, 6, 8 (hGIPR) Boosts 5, 7, 9--11 (mGIPR) 1:12,500

Once GIPR-specific titer plateaued in the plasma, chickens were killed, spleens were removed and a single cell suspension prepared and cells were cryopreserved for single B cell cloning.

Polyclonal immune responses {#s0004-0003}
---------------------------

Plasma was collected bi-weekly during the immunization to determine titer. High binding ELISA plates were coated with 2 ug/ml of hGIPR-Fc or purified Fc in phosphate-buffered saline (PBS) overnight at 4°C. Plates were blocked with 3% dry milk in PBS + 0.05% Tween-20 (PBSM) for 1 hr at room temperature. Plates were washed with PBS+0.05% Tween-20 (PBST) and 50 ul of diluted plasma was added. Plasma was diluted with PBSM starting at 1:100 followed by 7, 5-fold dilutions down the ELISA plate. Plasma was incubated for 2 hours at room temperature then washed off with PBST. One hundred microliters of rabbit anti-chicken IgY HRP (Sigma, A9046) diluted 1:5000 with PBSM was added and incubated for 1 hour at room temperature. Plates were washed with PBST and developed with 50 ul of TMB and stopped with 50 ul 1N HCl. ELISA plates were read at 450 nm using the BioTek Synergy H1 Hybrid reader (Biotek; Vinooski, VT, USA).

Monoclonal antibody generation {#s0004-0004}
------------------------------

### Screening single B cells using the GEM assay {#s0004-0004-0001}

We used a single lymphocyte screening and recovery method, the GEM assay,[@cit0025] to isolate antigen-specific monoclonal antibodies from the GIPR-immunized chickens. The GEM assay involves placing single antibody-secreting lymphocytes in proximity with reporters (which can be cells or beads). The secreted antibody diffuses locally within the GEM and has the opportunity to bind to the reporters. Bound antibody can be detected either directly through the use of a secondary antibody, or by eliciting a response in the reporter that generates a visual signal. Each GEM may contain multiple types of reporters that can be differentiated from each other based on color.

In this study, GEMs were prepared with both beads and cells. When beads were used, GIPR-Fc or Fc was coated onto white or blue beads, respectively. This approach allowed for the immediate elimination of any clones binding the Fc portion of the immunogen. CHO cells expressing GIPR were also used in the GEMs, with target specificity controlled for by the inclusion of parental CHO cells labeled with an alternative dye. Even though stable CHO lines were available expressing each of 4 species of GIPR (human, cynomolgus, rat, mouse), we generally opted for use of the CHO cell line expressing murine GIPR because we considered it more likely to identify pan-species cross reactive antibodies in an animal that was immunized with the human GIPR.

### Expression and initial characterization of recombinant antibodies {#s0004-0004-0002}

Selected GEMs were isolated and antibody genes amplified through RT-PCR and cloned into the mammalian expression vector pF5a (Promega, C9401) in scFv-Fc format (with Fc derived from human IgG1 sequence). Plasmids containing recombinant scFv-Fc from the GEM harvests were transiently transfected into HEK293 cells and clonal supernatants were harvested. Supernatants were tested for specificity and species cross-reactivity on parental CHO, and human and murine GIPR-expressing CHO cells using flow cytometry. All clones that bound both hGIPR and mGIPR CHO cells were sequenced (n = 694), and unique clones (n = 462) were re-transfected to generate material for further testing. Concentrations of the clones in the 2 ml supernatant were determined and binding to hGIPR-Fc confirmed in ELISA format. A more detailed flow cytometry analysis of species cross-reactivity was performed using parental, human, murine, rat and cynomolgus GIPR expressing CHO cell. All clones were tested at a concentration of 5 ug/ml and compared with a positive control antibody.

### Fluorescence-activated cell sorting methodology {#s0004-0004-0003}

hGIPR, mGIPR and parental CHO cells were lifted from culture flasks using StemPro Accutase (Invitrogen, A1110501). Cells were counted and re-suspended at 2 million cells per milliliter in FACS buffer (PBS + 1% BSA + 0.1% NaN3) and 50 ul was put into each well of a 96-well U bottom plate. Supernatants were collected from 96-well transfections of HEK293 cells and centrifuged to remove debris. 50 ul of supernatant was added to each of the 3 cell lines, hGIPR mGIPR, and parental and incubated for 1 hour at 4°C. Cells were washed 2 times with FACS buffer and re-suspended in 100 ul of 5 ug/ml anti-human IgG Alexa 488 (Jackson ImmunoResearch, 109-546-098). Cells were incubated for 45 min at 4°C and washed 2 times with FACS buffer. Cells were re-suspended in 150 ul of FACS buffer and fluorescence data was gathered using the Attune acoustic focusing cytometer (Thermo Fisher Scientific; Waltham, MA, USA).

### EC50 determination for binding strength to cellular hGIPR {#s0004-0004-0004}

Human GIPR and parental CHO cells were lifted from culture flasks using StemPro Accutase (Invitrogen, A1110501). Cells were counted and re-suspended at 2 million cells per milliliter in FACS buffer (PBS + 1% BSA + 0.1% NaN3) and 50 µl was put into each well of a 96-well U bottom plate. Supernatants were collected from 6 well transfections of HEK293 cells and centrifuged to remove debris. Antibodies, diluted to 10 µg/ml followed by 7, 3-fold dilutions, were added to each of the cell lines, hGIPR and parental and incubated for 1 hour at 4°C. Cells were washed 2 times with FACS buffer and re-suspended in 100 µl of 5 µg/ml anti-human IgG Alexa 488 (Jackson ImmunoResearch, 109-546-098). Cells were incubated for 45 min at 4°C and washed 2 times with FACS buffer. Cells were re-suspended in 150 µl of FACS buffer and fluorescence data was gathered using the Attune acoustic focusing cytometer and the EC50 was determined using Prism v6 (Graphpad software). All antibodies were compared with a control antibody at the same concentrations.

### Antibodies from previous immunization campaign {#s0004-0004-0005}

GIPR antibodies were also previously raised in classic rodent immunization and hybridoma campaigns (both rat and mouse immunizations). Animals were immunized using GIPR-ECD-Fc fusion protein, cell lines over-expressing GIPR or GIPR-specific cDNA. Overall yields of antibodies binding to and antagonizing GIPR were low ([Table 3](#t0003){ref-type="table"}), prompting the switch to chicken immunization. For comparative purposes, screening data for a selection of rodent hybridoma supernatants is shown in [Fig. 2A](#f0002){ref-type="fig"}. Table 3.Rodent immunization campaigns.HostImmunogens\# of human GIPR reactive hybridomas by FACS (\# antagonistic/ % antagonistic)\# of mouse GIPR reactive hybridomas by FACS (\# antagonistic, % antagonistic)**MouseBaf3-HuGIPR cell line, Baf3-MuGIPR cell line23 (13 / 56%)23 (0 / 0%)RatNRK-MuGIPR cell line, human GIPR-ECD19 (9 / 47%)19 (9 / 47%)RatHuman and mouse GIPR plasmid DNA, mouse GIPR-ECD47 (5 / 11%)47 (11 / 23%)**

In the epitope clustering analysis shown in [Fig. 4](#f0004){ref-type="fig"}, a total of 5 anti-GIPR recombinant antagonist antibodies were included to compare them to the chicken panel. Four (Rodent_1--4) were generated at Boehringer Ingelheim using hybridoma technology. Rodent_1 is derived from a mouse, whereas Rodent_2--4 are products of rat immunization. The antibody Gipg013 is the result of a phage display campaign described by Ravn et al.[@cit0017] All recombinant antibodies comprise the V-regions fused to human IgG1 constant regions and were expressed by using the transient CHO-3E7 system [@cit0048] and purified by routine Protein A chromatography. The biophysical characteristics (SPR K~D~ & IC50 in cAMP assay) of those recombinant anti-GIPR antibodies are listed in [Table 4](#t0004){ref-type="table"}. Table 4.SPR affinity and cAMP activity of anti-GIPR reference antibodies from rodent immunization and phage display.AntibodySPR K~D~ \[nM\] hGIPRcAMP IC50 \[nM\] hGIPRGipg013 [@cit0017]1525Rodent_11.03Rodent_26.24.2Rodent_31.83.9Rodent_47.03.8

### Surface plasmon resonance (biacore) methodology {#s0004-0004-0006}

All affinity measurements were performed and analyzed using a Biacore T200 (GE Healthcare; Chicago, IL, USA) using a single cycle kinetics protocol. Briefly, test antibodies were captured on CM5 chips (GE Healthcare, BR100012) using the human (for antibodies with human Fc) or mouse (for antibodies with mouse or rat Fc) antibody capture kits (GE Healthcare, BR100838 & BR100839). Human, mouse or rat-GIPR-ECD (thrombin cleaved from respective GIPR-ECD-rb-Fc antigen) were subsequently flown over the sensor surface at 5 different concentrations (0.125 µg/ml, 0.25 µg/ml, 0.5 µg/ml, 1 µg/ml and 2 µg/ml). The resulting curve was fitted in the Biacore T200 Evaluation software version 2.0 using a 1:1 fit to obtain K~D~ values. A selection of curves can be found in the Fig. S2, the isoaffinity plot for all chicken antibodies binding to human GIPR-ECD is shown in supplement 3.

### Functional GIPR cAMP assay {#s0004-0004-0007}

The antagonistic activity of antibodies was tested using the αScreen Functional cAMP assay kit (Perkin-Elmer, 6760625R) according to the manufacturer\'s instructions. A CHO cell line over-expressing human GIPR was used. Briefly, 10000 cells/50 µl/well were seeded in 384-well plates and incubated for 24 h at 37°C and 5% CO2. Then, cells were transferred into 100 µl assay buffer supplemented with serial dilutions of the antibodies and kept for 15 mins at 26°C. Subsequently, 100 pM of the receptor agonist GIP were added with a further incubation step of 30 min at 26°C. In parallel, a cAMP standard curve was prepared according to the manufacturer\'s instructions. 10 µl of the lysis/detection buffer, anti-cAMP acceptor beads, streptavidin donor beads and biotinylated cAMP mixture were added to each well and incubated for 2 h at RT in the dark. A serial dilution of the GIPR agonist human GIP (Sigma, G2269) was used as a positive control. Plates were measured using an Envision reader (Perkin-Elmer; Waltham, MA, USA). cAMP concentrations were interpolated from the standard curves and obtained values were plotted against the antibody concentrations. Each sample was measured in duplicate. A curve (4 parametric logistic dose response model) was fitted to obtain IC50 values. Exemplary data can be found in the supplement 4.

### Epitope clustering analysis {#s0004-0004-0008}

Prior to epitope clustering, the human GIPR-ECD-rb-Fc fusion protein was biotinylated using the EZ-Link Sulfo NHS Biotin kit (Thermo Fisher Scientific, 21217) according to manufacturer\'s instructions. Measurements were performed using a Fortebio Octet HTX (Pall; Port Washington, NY, USA) high throughput biolayer interferometry system and streptavidin-coated biosensors (Pall, 18--5020) on which the antigen was immobilized. Antibodies were binned in-tandem - sensors were incubated with the first antibody, followed by a baseline and incubation with the second antibody. An antibody not binding to the antigen was used as a control. Antibodies were diluted to 25 µg/ml in PBS before performing the assay. Biosensors were regenerated in 10 mM glycine pH 3. Further details about the assay setup can be found in Fig. S5. The Octet Data Analysis software version 8 was used to process the data and create a matrix. The obtained nM shifts were normalized by dividing them by the value obtained using only the secondary antibody and multiplied by 100. The highest self-binding signal is used to judge the threshold for competition or additional binding. Primary antibodies are arranged in columns, secondary antibodies in columns. This data matrix was then analyzed using a method adapted from Liao-Chan et al.[@cit0021] Briefly, in Excel, the rows were sorted using the PEARSON function in a way that neighboring antibodies had the highest correlation coefficient. In addition, the unsorted matrix, with secondary antibody signals transposed into columns, were clustered using pvclust [@cit0022] in R version 6.1.3.[@cit0023] Prior to clustering, the matrix was normalized using the 'scale' function in R. In pvclust, clustering was performed using correlation as a distance measure and the Ward function as the clustering method. Specifically, the following command was used: result \<- pvclust(scaled_data, method.hclust = "ward.D2", method.dist = "correlation", nboot = 10000)

### Sequence analysis {#s0004-0004-0009}

VH sequences of the chicken-derived antibodies were aligned using MegAlign (DNAStar; Madison, WI, USA) and the ClustalW method.[@cit0024] MegAlign was also used to construct the phylogenetic tree shown in [Fig. 7](#f0007){ref-type="fig"}.

### Data visualization and statistical analyses {#s0004-0004-0010}

Figures were created and using Prism v6 (Graphpad Software Inc.; La Jolla, CA, USA), as were statistical analyses. P-value calculations were performed using the non-paired, non-parametric Mann-Whitney (2 group comparisons) and Kruskal-Wallis (multi-group comparisons) tests.
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